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Abstract 
The effects of water temperature on the discharged liquid flow rate, pumping efficiency, gas holdup and slip velocity were 
examined for an airlift pump with a riser filled with packing.  Comparing with ordinary airlift pumps operating in ordinary 
conditions, the humidification of contributes positively in the increase of pumped water flow rate and saving energy.   
In this study, for the purpose of high pumping efficiency, several water temperatures were tested for many submersion ratios and 
gas flow rates. The results show that the increase of water temperature causes air humidification, gas holdup and high Reynolds 
number. Or the pumped liquid flow rate and slip velocity increase with the gas holdup growth. Therefore, the pumping efficiency 
will be higher with air humidification.  
 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. INTRODUCTION 
 The pumping system of water by air lift consists of the injection of compressed air at the base of a pipe in order 
to drive the liquid therein. The only source of energy, used for pumping, is compressed air. A two-phase mixture is 
water-air, of lower density than the surrounding liquid. Upward movement is initiated, and causing a stream of 
water. 
  Air lift pumps are widely used in aquaculture [1], in bioreactors [2], in geothermal wells [3], in underwater 
exploration [4, 5], the extraction of sludge in wastewater treatment [6, 7]. 
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  Pumping systems air lift type are considered effective for low head conditions compared to centrifugal pumps 
[8, 9, 10]. In comparison with other pumps, the particular merit of the airlift pump is the mechanical simplicity.  
 
Nomenclature 
A  Section (m2) 
d   diameter (m) 
G             Slip Velocity (m/s) 
HR           Relative humidity (%) 
m             Mass flow rate (kg/h) 
L              Total head (m) 
P               Pressure (Pa) 
Q             Volume flow rate (m3/h) 
Re             Reynolds number 
S              Submersion ratio 
T              Temperature (°C) 
U              Velocity (m/s) 
X              Humidity ratio (kg of water vapour / kg of dry air) 
x              Mass fraction 
Z              Height (m) 
 
              Dynamic viscosity (kg.s-1.m-1) 
ȡ              Density (kg/m3) 
İ               Volume fraction   
¨               Difference value 
Ș               Pumping efficiency 
  
Indices  
a               Air 
as              Dry air 
c               Column 
G              Gas 
i                Inlet 
m              Average value 
o               Outlet 
L               Liquid 
S               Submersion 
s                solid 
T               Temperature 
t                 Total 
v                Vapor 
vs              saturated vapour 
W              Water 
 
 Moreover, airlift pumps have several advantages over other pumps. They do not have any moving parts, no 
lubrication or wear problems. Thus, theoretically, the maintenance of this kind of pumps has a lower cost and higher 
reliability. 
     The main disadvantages of airlift pumps are their low efficiencies and requirement of a very large submergence 
to obtain high efficiency as compared to other pumps.  
     Many researchers have studied the effect of design characteristics on the air lift pumps efficiency [11, 12, 13, 14, 
15]. However these investigations show that the packed column operating on the principle of air lift pump has not 
yet attracted much attention. 
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     An experimental study on the airlift packed column with adjustable height and many air injection points has been 
conducted [16]. A new set up has been made. This study shows that the pumped water flow rate and the total head 
increase, not only, with the increase of air flow rate and submersion ratio, but also, with the increase of the injection 
points number.   
     A hydrodynamic study has been achieved on the same set up [17]. Performances of this system were determined 
by measuring the displaced water flow rates for different submersion depths and various air flow rates.  
The results show that the pressure loss is described by a second order polynomial equation. Efficiency was 
calculated for different conditions. The study shows that the proposed system can be set easily, has low power 
consumption, provides a good mix between phases and is very important for many applications where heat and mass 
transfer are involved. 
      However these studies have been conducted at ambient temperature.  So that, the effects of the increase of water 
temperature on the airlift performance haven’t been studied in detail.   
Packed column are used in many environmental fields like extraction by liquid solvent, distillation and gas cleaning. 
They offer a large contact area and good separation efficiency. The Rashig rings are known by high void fraction 
which causes low pressure drop. The up flow of gas-liquid mixture through a packed bed offers a large opportunity 
for liquid distribution and packing particles wettability [18]. The heat and mass transfer efficiency of the packed 
column depend on the packed bed height. 
     In the present work, an experimental study will be conducted.  The effects of water temperature, gas flow rate 
and submersion ratio on the liquid flow rate, gas hold up, slip velocity and pump efficiency will be elucidated and 
explained.  
 
2. EXPERIMENTAL SET UP AND PROCEDURE 
2.1. The experimental setup 
 
         The experimental setup use for experiments is described in fig.1. The submersion ratio Sr is defined by this 
expression: 
 
ܵ௥ ൌ 
௓ೄ
௓ೄା௓ಽ
                                                                                                                                                                         (1) 
Where, Z s: submerged depth (initial liquid height). The total head, L is given by the following equation: 
ܼௌ ൅ܼ௅ ൌ ܮ                                                                                                                                                                           (2) 
      The experiments were performed on a vertical cylindrical column made up in three glass tubes 0.072 m diameter 
and 0.4 m length. The total height of the column and the packed bed are 1.2 m and 1.0 m respectively. The 
characteristics of the solid packing are shown in Table 1. The column is provided with equidistant pressure sensors 
in order to measure the local pressure at different heights. Four polypropylene disc diffusers, with 67 circular pores 
of 5 mm each, are arranged at the ends of the glass tubes. They have a double role: first they change the fluid flow 
direction, second they prevent the exit of solid packing out of tube. Only one air jet nozzle is used in the 
experiments. It has a diameter of 3 mm. 
      At the input of the column, a swirl chamber, stainless steel, is designed for the injection of water and air. At a 
height equal to 1.02 m of the column, water is recycled through a down comer and the air continues its path to the 
cyclone and condensers. 
     Water droplets separated at the cyclone are routed to the swirl chamber. A make-up tank of water is placed to 
keep a constant liquid level in the down comer. 
The water flow rate is measured by an orifice, with piezometers, placed between the down comer and the riser. His 
uncertainty is less than 5%. 
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Fig.1: Schematic diagram of the set up 
evaporator (1), down comer (2), water heater (3), cyclone (4), compressor (5), water flow meter (6), water make up Tank (7), air heater (8), air 
flow meter (9), temperature control (10), swirl chamber (11), vapor condensers (12) and (13), Inlet cooling water (14), outlet cooling water (15), 
pure water Tank (16), water level control (17), Temperature sensor (18), Relative Humidity (HR) sensor (19). 
The compressor used of 2 kW power, Michelin type and 25 liters of tank, provided with a flow controller 
valve. The air flow meter is air float type; brand Tubux whose measuring range is between 0 and 25 m3/h and the 
uncertainty of 4%. 
Table 1: Physical characteristics of the packing particles 
Type of packing particles Glass rings
Density (kg/m3) 2.187
Average diameter: dp (m) 0.008
Average lenhgt: lp(m) 0.008
Fixed bed porosity:ɽ 77.3
Form factor: ĳ 0.681
The setup is designed in a manner that the amount of water evaporated will be replaced, automatically, by the 
same amount of liquid water issued from the tank (7). 
 Adel Oueslati et al. /  Energy Procedia  74 ( 2015 )  1381 – 1393 1385
The riser will be used as an evaporator chamber. It is insulated by a transparent polyethylene layers. The airflow 
humidified by passing through water level in evaporator chamber then leaves from the outlet pipe in the direction of 
condensers. The water level in the evaporator chamber is controlled by the level of water make up tank (7) and an 
electric heater (3) of 2 kW power. The inlet water flow rate in the evaporator is measured by a calibrated orifice (6). 
The physical properties of the packing particles are given in table.1.
2.2. Experimental procedure 
The experimental runs are carried out considering the following procedure:  
(1) The temperatures of the water and air are measured before supplying the electrical power to ensure a uniform 
temperature of the system.  
(2) The temperatures of the water and air are adjusted to the desired temperatures.  
(3) The submersion ratio is adjusted to the desired value.  
(4) The supply air velocity is adjusted to the desired velocity through the compressor valve (V1).  
(5) The temperatures, inlet and outlet Relative Humidity (RH) of air, water and air flow rate are recorded every 15 
min until the steady state condition is achieved.  
In order to prepare the unit for carrying out the experiments, two and half hours were needed to reach the steady 
state condition. This condition was satisfied when there was no change on the temperatures, relative humidity, air 
and water flow rates reading with time.
3. RESULTS AND DISCUSSIONS
3.1. Effect of water temperature on the gas hold up 
Fig. 2: Gas holdup versus superficial gas velocity for different values of submersion ratio and Water temperature. 
In a biphasic mixture, the gas holdup is defined by the following relationship [19]: 
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ɂୋ ൌ
୕ృ
୕ృା୕ై
                                                                                                                                                                            (3) 
 The mass fraction, x, of gas in the two-phase mixture:  
 ൌ ୫ృ
୫ృା୫ై
                                                                                                                                                                         (4) 
Or the gas flow rate is variable along the column. So we choose to express the gas retention based on mass flow 
rates of gas and liquid and the corresponding mean densities. We obtain the following relation: 
 
ɂୋ ൌ
ౣృ
ಙృ
ౣృ
ಙృ
ା
ౣై
ಙై
                                                                                                                                                     (5) 
Dividing the numerator and denominator of the gas holdup equation by the sumሺୋ ൅ ୐ሻwe get:  
 
ɂୋ ൌ
భ
ಙృ
൬
ౣృ
ౣృశౣై
൰
భ
ಙృ
൬
ౣృ
ౣృశౣై
൰ା భಙై
൬
ౣై
ౣృశౣై
൰
                                                                                                                                        (6) 
3.2. Effect of water temperature on the slip velocity  
 
Fig.3: Slip velocity versus superficial gas velocity for different submersion ratio and water temperature. 
 
 Thus:  
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౮
ಙృ
౮
ಙృ
ାభష౮
ಙై
                                                                                                                                                                           (7) 
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ɂୋ ൌ
ͳ
ͳ൅ͳെ ൬
ɏ

ɏ
൰
                                                                                                                                                    (8) 
This equationǣɂୋ ൌ ሺሻ, for constant average values ofɏୋ  and  ɏ୐, is growing. This fact is confirmed by curves of 
the fig.2.  
Fig.3 shows the slip velocity versus superficial gas velocity for different submersion ratios, Sr and water 
temperature, Tw. The slip velocity growing with the increase of gas velocity.  
 
We recall that the speed of the shift is defined by the following equation:  
 
ܩ ൌ ௎ಸ
ఌಸ
െ ௎ಽ
ଵିఌಸିఌೄ
                                                                                                                                                    (9) 
The superficial gas velocities, ୋ, and liquid, ୐,  depending on mass flows and densities of the gas and liquid 
respectively are given by the following equations: 
 
ܷீ ൌ
೘ಸ
ഐಸ
஺೎
                                               (10)                And                                 ௅ܷ ൌ
೘ಽ
ഐಽ
஺೎
                                  (11) 
 
Combining these equations (9, 10 and 11) gives:  
 
ܩ ൌ ଵ
ఌಸ
Ǥ ቆ
೘ಸ
ഐಸ
஺೎
ቇ െ ଵ
ଵିఌಸିఌೄ
ቆ
೘ಽ
ഐಽ
஺೎
ቇ                                                                                                                           (12) 
 
However, the gas retention is given by the following equation:  
ɂୋ ൌ
౮
ಙృ
౮
ಙృ
ାభష౮ಙై
                                                                                                                                                    (13) 
 
The combination of equations (12) and (13) gives:  
 
ܩ ൌ ଵ
ቌ
౮
ಙృ
౮
ಙృ
శభష౮ಙై
ቍ
Ǥ ቆ
೘ಸ
ഐಸ
஺೎
ቇ െ ଵ
ଵିቌ
౮
ಙృ
౮
ಙృ
శభష౮ಙై
ቍିఌೄ
ቆ
೘ಽ
ഐಽ
஺೎
ቇ                                                                                            (14) 
 
On the other hand: 
 
݉ீ ൌ ݉௔௦ሺͳ ൅ ܺሻ                                                                                                                                          (15) 
 
And  
ݔ ൌ ௠ಸ
௠ಸା௠ಽ
                                                                                                                                                    (16) 
 
So, the mass flow of liquid: 
 
݉௅ ൌ ݉ீ
ଵି௫
௫
                                                                                                                                            (17) 
 
Then the expression of the slip velocity is: 
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ܩ ൌ ଵ
ቌ
౮
ಙృ
౮
ಙృ
శభష౮ಙై
ቍ
Ǥ ൭
೘ೌೞሺభశ೉ሻ
ഐಸ
஺೎
൱ െ ଵ
ଵିቌ
౮
ಙృ
౮
ಙృ
శభష౮ಙై
ቍିఌೄ
                                                             (18) 
 
We show that if x increases and tends to 1, then the slip velocity, G, also grows and tends to the limit: 
 
ܩ௅௜௠௜௧௘ ൌ ൭
೘ೌೞሺభశ೉ሻ
ഐಸ
஺೎
൱                                                                                                                          (19) 
 
The function, G =F (ߝீ),  is an increasing function according to the increase of the gas retention. So, this function 
confirm the curve shape of the fig.3.  
3.3. Effect of water temperature on the discharged liquid flow rate  
To highlight the effect of the evaporation of the water by direct contact with air on the liquid flow rate, we carried 
out experimental tests. The manipulated variables in these tests are: the water temperature, Tw, the submergence 
ratio, Sr, and the gas flow rate QG. The results of the experiments are shown in Fig. 4. 
In Fig. 4, we observe an increase in the flow rate of the liquid according to the temperature of the water. This 
increase is due to the evaporation of water. The mass flow rate of the gas phase increases under the effect of the 
humidification. 
 
 
Fig. 4: Effect of water temperature on the pumped water flow rate 
 
For dry air mass flow, ୟୱ , and specific content, water vapor in air at the inlet and the outlet of the evaporator Xi et 
Xo respectively. The air mass flow at the inlet to the evaporator is: 
 
݉௔ ൌ ݉௔௦Ǥ ሺͳ ൅ ௜ܺሻ                                                                                                                                    (20) 
The air flow rate at the outlet of the evaporator:  
݉௔ ൌ ݉௔௦Ǥ ሺͳ ൅ ܺ௢ሻ                                                                                                                                   (21) 
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Increasing the air flow, οୟ , is then:  
ο݉௔ ൌ ݉௔௦Ǥ ሺܺ௢ െ ௜ܺሻ                                                                                                                                   (22) 
This increase in mass airflow causes an increase of the water mass flow. An average content of water vapor in the 
air:  
୫ ൌ
ଡ଼౥ିଡ଼౟
୪୬ ൬౔౥౔౟
൰
                                                                                                                                                  (23) 
 
Fig.5: Effect of water temperature on the difference of the mass flow of the liquid 
So, for an air mass flow entering the column, the average air flow after moistening is: 
ୟ ൌ ୟୱǤ ሺͳ ൅ ୫ሻ                                                                                                                                 (24) 
 
After humidification, the air flow causes an increase in water mass flow equal to: ο୐ which can be calculated with 
the following equation: 
 
ο݉௅ ൌ ݉௅ǡ் െ ݉௅ǡଶ଻ι஼                                                                                                                               (25) 
 
Where, m L,T  and  m L,27°C  are  the water flowrates  at the temperature, T, and at 27°C respectively. The 
experimental results are shown in the fig. 5. 
Fig. 5 is a graphical representation of the increase in the water flow,  ο୐ , depending on the mass air flow, mG, 
shows the effect of temperature, Tw,  of the water on the flow rate of liquid circulated. As the temperature increases, 
the difference in water flow increases. The difference of the flow depends on several parameters such as the 
humidification efficiency and the submergence ratio.    
3.4. Effect of water temperature on the pumping efficiency 
The pumping efficiency is defined by Parker the mass ratio of liquid flow to gas flow. 
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Ʉ୮ୟ୰୩ ൌ
୫ై
୫ృ
                                                                                                                                                     (26) 
 
 Fig. 6 shows the increase of the pumping efficiency with water temperature. Hence the efficiency of the pump, as 
defined by Parker, is improved according to the humidification. 
 
 
Fig. 6: Effect of water temperature on the pumping efficiency 
 
3.5. Effect of water temperature on the Reynolds number  
 
 
Fig. 7: Liquid Reynolds number versus superficial gas velocity for different water temperature 
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Fig. 7 and fig. 8 show the effect of water temperature on Reynolds number relative to the liquid and gas phases. The 
obtained curves growing with the increase of water temperature. Moreover, the curves exhibit jumps which indicate 
the start of fluidization regime. 
 
The Reynolds number relative to the flow of air in the evaporator ReG is given by: 
 
ܴ݁ீ ൌ
௎ಸఘಸௗ೎
ఓಸ
                                                                                                                                              (27) 
 
Average gas speed, ୋ,  is calculated according to the section of the evaporator tube: 
 
ܷீ ൌ
ொಸ
ഏ೏೎
మ
ర
                                                                                                                                                             (28) 
 
Therefore, the number of gas Reynolds: 
 
ܴ݁ீ ൌ
௠ಸௗ೎
ഏ೏೎
మ
ర Ǥఓಸ
 =   ସǤ௠ಸ
గǤௗ೎Ǥఓಸ
                                                                                                                                     (29) 
 
But the dynamic viscosity of the gas is given by the formula [20]: 
 
a
vst
v
vs
g PHRPPHR
PP
P
..
10*81.9 5


                                                                                                                            (30) 
 
PVS  is given  by the DUPRE formula [21]. 
 
௏ܲ௦ ൌ ሾͶ͸Ǥͺ͹ െ
଺ସଷହ
்ାଶ଻ଷǤଵହ
െ ͵Ǥͺ͸ͺ כ ܮ݊ሺ ௔ܶ ൅ ʹ͹͵Ǥͳͷሻሿ                                                                     (31) 
 
The viscosity of the water vapor, v, is given by the following formula [20]: 
 
Ɋ௩ ൌ
ଷǤ଴ଵସ଻ଶǤଵ଴షల
ଵା లళయ೅శమళయǤభఱ
ට்ାଶ଻ଷǤଵହ
ଶ଻ଷǤଵହ
                                                                                                               (32) 
           
The viscosity of the air is given by the correlation [21]:  
 
Ɋୟ ൌ ͳͲିହሺͲǤͲͲͶ͸ כ  ൅ ͳǤ͹ͳ͹͸ሻ                                                                                                             (33) 
 
The results of calculating the Reynolds number for different temperatures of the water are shown in Fig. 7 and fig.8. 
The Reynolds number relative to the liquid flow is defined by: 
 
ܴ݁௅ ൌ
௎ಽఘಽௗ೎
ఓಽ
                                                                                                                                                (34) 
 
Where ୐ is the superficial liquid velocity given by the following formula: 
 
௅ܷ ൌ
ொಽ
ഏ೏೎
మ
ర
                                                                                                                                                    (35) 
 
The Reynolds number for the liquid phase is: 
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ܴ݁௅ ൌ
௠ಽௗ೎
ഏ೏೎
మ
ర Ǥఓಽ
 =   ସǤ௠ಽ
గǤௗ೎Ǥఓಽ
                                                                                                                                (36) 
 
  
Fig.8: Effect of water temperature on air Reynolds number 
 
 
Or the viscosity of water is given by the formula [21]: 
 
Ɋ௅ ൌ ͳͲିସሺͲǤͲͲʹͲͲ כ ܶଶ െ ͲǤ͵͵ͺͻ כ ܶ ൅ ͳ͹Ǥͳͻͻሻ                                                                                    (37) 
 
4. CONCLUSION 
The temperature of the water in contact with air plays a very important role in the flow of liquid. Indeed, the 
humidification is favored by the temperature and contact with water. The mass flow rate of the gas flow increases 
with humidification under the water vapor migration effect of the liquid phase to the gas phase. Thereby increasing 
the gas holdup in the column, the average density of the two-phase mixture decreases and the liquid flow rate 
increases under the driving force of the growth effect. 
The flow of gas quickly from bubble regime to the annular regime under the effect of the increase in water 
temperature. The experimental results obtained from tests carried out are consistent with those provided by the 
theoretical equations. 
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